[1] The chemical interaction between carbon dioxide, water, and basalt is a common process in the earth, which results in the dissolution of primary minerals that later precipitate as alteration minerals. This occurs naturally in volcanic settings, but more recently basalts have been suggested as reservoirs for sequestration of anthropogenic CO 2 . In both the natural and man-made cases, rock-fluid reactions lead to the precipitation of carbonates. Here, we quantify changes in ultrasonic wave speeds, associated with changes in the frame of whole-rock basalts, as CO 2 and basalt react. After 30 weeks of reactions and carbonate precipitation, the ultrasonic wave speed in dry basalt samples increases between 4% and 20% and permeability is reduced by up to an order of magnitude. However, porosity decreases only by 2% to 3%. The correlation between significant changes in wave speed and permeability indicates that a precipitate is developing in fractures and compliant pores. Thin sections, XRF-loss on ignition, and water chemistry confirm this observation. This means time-lapse seismic monitoring of a CO 2 -water-basalt system cannot assume invariance of the rock frame, as typically done in fluid substitution models. We conclude that secondary mineral precipitation causes a measurable change in the velocities of elastic waves in basalt-water-CO 2 systems, suggesting that seismic waves could be used to remotely monitor future CO 2 injection sites. Although monitoring these reactions in the field with seismic waves might be complicated due to the heterogeneous nature of basalt, quantifying the elastic velocity changes associated with rock alteration in a controlled laboratory experiment forms an important step toward field-scale seismic monitoring.
Introduction
[2] Carbon dioxide (CO 2 ) naturally occurs in many geological environments, creating hydrothermal rock alterations. These rock-fluid interactions play a role in volcano edifice stability [Lopez and Williams, 1993; Reid et al., 2001] , the rupture of fluid conducting faults [Bruhn et al., 1994; Caine et al., 2010] , and hydrothermal venting in subsea basalts [Goldberg, 2011; Kelley et al., 2001] . In addition, rock alterations on Mars have been suggested to result from geochemical reactions between CO 2 , water, and basalts [Romanek et al., 1994; Baker et al., 2000] .
[3] Anthropogenic CO 2 injected in subsurface geologic reservoirs also creates rock-fluid reactive processes. Geologic sequestration of CO 2 in sedimentary geologic reservoirs has been proposed as one way to minimize the emission of this greenhouse gas [Bachu, 2003; Torp and Gale, 2004; Benson and Cole, 2008] . Although not always thought of as a reservoir rock, basalts may be an attractive candidate to sequester CO 2 in the subsurface, because of their CO 2 -trapping potential and their massive and worldwide presence [Bachu et al., 1994; McGrail et al., 2006; Oelkers et al., 2008; Matter and Kelemen, 2009] .
[4] The storage capacity of CO 2 in basalt is largely concentrated in the top-and bottom-flow units, where the rock is brecciated and composed of large vesicles and fractures that result in rock porosity of 15% or more [McGrail et al., 2006] . Inner flows cool slower and hence provide denser and impermeable layers to potentially trap injected CO 2 . Pilot programs are under way to test geologic sequestration of CO 2 in the Columbia River Basalts [McGrail et al., 2011] and at the Hellisheidi geothermal power plant in Iceland [Gislason et al., 2010] . Proposed methods to monitor the rock-fluid interactions in basalt reservoirs include water chemistry analysis and tracer tests but do not include seismic methods [Gislason et al., 2010] . Here we test the feasibility of monitoring changes in rock microstructure with elastic waves on basalt cores exposed to CO 2 .
[5] The minerals in basalts have the highest dissolution rate of igneous rocks when exposed to CO 2 , because this rate increases as the silica-oxygen ratio content in minerals decreases [Wolff-Boenisch et al., 2006] . Carbonic acid is the combination of carbon dioxide and water and dissociates into bicarbonate and hydrogen:
The water-CO 2 solution interacts with basalts, leaching divalent metal cations into the aqueous solution. These cations react with CO 2 and H 2 O and precipitate as carbonates [Schaef and McGrail, 2009; Oelkers et al., 2008; Gislason et al., 2010] 
[6] The reaction in equation (3) shows that for every mole of carbonate precipitated, two moles of H + ions are produced [Matter and Kelemen, 2009] . For this reaction to progress, the released H + ions have to be consumed by a coupled reaction. Basalt mineral dissolution reactions intake these hydrogen ions, dissolving new metal cations and increasing their concentration in the reservoir water [Matter and Kelemen, 2009; Gislason et al., 2010; Gislason and Hans, 1987; Matter et al., 2007] . The following equations show two of several reactive basalt minerals consuming available hydrogen ions and releasing new divalent metal cations into the water: 
[7] These dissolved cations will then react with the CO 2 -water mixture (equation (3)) to precipitate as carbonates. With newly available metal cations and the consumption of hydrogen ions in dissolution processes, carbonate precipitation can proceed in this reactive cycle. Sources for rapidly dissolvable divalent cations in basalts are olivine, plagioclase, glass, pyroxene, and serpentine [Oelkers et al., 2008; Matter and Kelemen, 2009] , and thus detailed sample characterization is important in CO 2 reactive studies.
[8] Several factors will control the dissolution of basalt minerals. For example for volcanic glass, dissolution will increase if the solution pH decreases and temperature increases [Gislason and Oelkers, 2003] . Thus far, experiments on carbonic acid-basalt reactivity have principally focused on water chemistry and the geochemistry in crushed samples to understand the factors that control the dissolution of basalt minerals and carbonate precipitation [Gislason and Hans, 1987; Baker et al., 2000; McGrail et al., 2006; Matter et al., 2007; Matter and Kelemen, 2009; Giammar et al., 2005; Schaef et al., 2010] . But to our knowledge, no studies to date address changes to the geophysical and petrographic properties as a result of these processes in whole-rock basalts.
[9] Imaging basalts in the field has been performed with P and S wave passive seismic tomography of volcanoes [Zandomeneghi et al., 2009; Vanorio et al., 2005] and with vertical seismic profiles [Pujol and Smithson, 1991; Eaton et al., 1996] or cross-well geometries [Daley et al., 2004] , but seismic monitoring in basalt environments is rare, as are laboratory data to monitor fluid substitution in basalts [Johnston and Christensen, 1997; Vanorio et al., 2002; Adelinet et al., 2010; Adam and Otheim, 2013] . Elastic waves have been used to quantify fluid substitution in sedimentary basins [Arts et al., 2004; Landrø, 2001; Tura and Lumley, 1998 ] and rock-CO 2 reactions in carbonates and sandstones [Vialle and Vanorio, 2011; Joy et al., 2011] , but an integrated laboratory experiment to monitor CO 2 -basalt reactivity with ultrasonic waves is a first and necessary step toward field-scale monitoring of these rock-fluid interactions. We present time-lapse elastic waveforms on dry laboratory samples after controlled reactions of CO 2 -waterbasalt to analyze potential changes to the rock frame. By quantifying the changes in seismic velocity due to rock alteration, we discuss its implications when interpreting time-lapse seismic changes and the feasibility of seismic monitoring for CO 2 sequestration in basalts.
Sample Characterization
[10] Three whole-rock samples were collected from outcrops corresponding to top-flow units in a basalt sequence in the Western Snake River Plain near Hagerman, Idaho [Adam and Otheim, 2013] . These rocks were cored to cylinders of 2.5 cm in diameter and 3.8 cm in length and named samples B1, B2, and B3. Visually, samples B1 and B3 appear different from B2, but an X-ray fluorescence (XRF) analysis shows the three rocks are nearly identical in chemical composition and all classified as ferro-basalts, with an iron oxide (Fe 2 O 3 ) content greater than 16%. The porosity and permeability of these samples range from 15.2% to 18.1% and 1.45 to 11.72 10 -16 m 2 , respectively ( Table 1 ), values that are in agreement with other vesicular basalt studies [Saar and Manga, 1999] .
[11] Thin sections of the three basalt samples (left panels of Figure 1) show an average 15% olivine volumetric mineral composition and at least 31% of plagioclase. Samples B1 and B3 have 50% groundmass (glass and smaller olivine, pyroxene crystals), while sample B2 has no glass but a 15% pyroxene composition. All samples have phenocrysts of similar size, but the vesicle size is greater for sample B1 and B3 compared to B2. Therefore, sample B2 most likely stems from the interior of a porphyritic lava flow, and the phenocrysts in samples B1 and B3 nucleated prior to ascending to the surface. The volumetric mineral composition is The blue color represents epoxy filling the pore space (pore); plg is plagioclase, olv is olivine, prx is pyroxene, grm is groundmass, and op is opaque minerals. estimated from thin sections and an X-ray diffraction (XRD) analysis (Table 2 ). While both of these methods only sample a small area or volume of the rock, computerized tomography (CT) scanning provides a nondestructive method to image the bulk structure of rocks. Figure 2 contains slices of the CT data with a maximum resolution of 40 m. The gray scale is proportional to density. Sequential slices and 3-D renderings determined that the pores in these samples range from almost perfectly spherical vesicles to compliant pores and cracks. The panels on the right were acquired at double the pixel resolution of the panels on the left. To better compare the CT images, we performed pixel smoothing to the data on the right column. Nonetheless, after this processing, the images are not identical in sample location and resolution, which prevents us from direct subtraction of CT scans before and after reactions. [12] In the preparation of CO 2 sequestration of our samples in the presence of formation-resembling water, tap water is equilibrated with crushed basalt (50 g of crushed basalt in 200 mL of tap water) for a period of 2 weeks. After that, samples are placed in a stainless-steel vessel and evacuated to remove air. We add 60 mL of the basalt-equilibrated water to the vessel and then flood the chamber with 14.6 g of CO 2 , creating a mixture at 3.5 mol/L concentration. Pressure and temperature conditions in the vessel are 8.3 MPa and 100 ı C, respectively, representative of the fluid pressure and temperature in a basalt reservoir in Idaho at 1 km depth. These parameters are fixed throughout the 30 weeks of the experiment. Under these conditions, the CO 2 is in supercritical condition, where the fluid has the viscosity of a gas but a density of a liquid. The temperature and pressure conditions for this CO 2 phase are also important to ensure that in these basalts, carbonates precipitate in greater volume than clays and zeolites, which do not consume the carbon in CO 2 [Gislason et al., 2010] . The top panels are sample B1, middle panels are sample B2, and the bottom panels are sample B3. The gray scale is proportional to density, where mineral density increases from dark to light. Black represents the pore space, the lightest grays correlate with the higher density of olivine and pyroxene, and less-dense plagioclase is represented by a darker gray. These data are presented to show that by imaging the basalts as a whole, the precipitation of carbonates is not observed in large volumes (e.g., completely filling pore spaces). Arrows point at some of the areas in the samples where we can interpret mineral precipitation. Figures 2g and 2h are CT images at higher magnification where arrows point at botryoidal carbonate texture in pores and cracks.
Experimental Design
[13] The samples were taken out of the vessel after 15 weeks and oven dried at 50 ı C before recording ultrasonic waveforms again. These steps were then repeated for a second 15 week sequestration experiment. Water extracted from the vessel at 15 and 30 weeks is compared to a baseline solution by analyzing element concentration with an inductively coupled plasma-mass spectrometer. A high-pressure pH probe monitored the pH of the water-CO 2 mixture from 0 to 13 weeks.
[14] Rock petrography and geochemistry are analyzed before and after the 30 weeks of the experiment. These include XRF, XRD, thin sections, CT scans, porosity, and permeability measurements. These data are integrated with the time-lapse elastic wave measurements to monitor carbonate precipitation in basalts in the presence of carbonic acid.
Time-Lapse Measurements of the Elastic Wave Field
[15] Elastic waveforms are recorded on dry samples at room conditions to study the changes to the rock frame after basalt and CO 2 have reacted. The first measurement on the samples before any reactions are induced is our baseline, or 0 week data. The elastic wave speed in these three basalts is estimated with a laser-ultrasonic system, where waves are excited by thermoelastic expansion of a 10 ns laser pulse focused on a subcentimeter area and detected by a scanning laser interferometer with a 50 m spot size [Blum et al., 2010] . For each sample, the source location is fixed at 1.7 cm from the sample edge, and we scan the full length of the core in transmission mode (Figure 3a) . With this nondestructive and noncontacting experimental setup, the receiver laser records the wave field (absolute particle velocity) along the samples at 0.245 mm increments, averaging 256 times for each wave form, for a total of 144 traces for each sample and reaction time interval. The dominant frequency of the ultrasonic waves is 0.5 MHz. The target of this study is to quantify changes to the frame of the basalts (i.e., dry rock) as rock-fluid interactions develop. Because the elastic wave velocity in dry rocks does not depend on frequency, our velocity observations at ultrasonic frequencies can potentially be used in the analysis of active seismic surveys frequencies (5-100 Hz).
[16] The top panel of Figure 3 depicts the experimental geometry, while subsequent panels represent the wave fields detected after 0, 15, and 30 weeks of rock-fluid interactions at in situ conditions. The variability in these measurements displays that these rocks are strongly heterogeneous. The travel time of the first arriving energy corresponding to the compressional (P) wave is picked at each reaction time interval, for all wave forms and all samples. Estimated arrival times for sample B2 are shown in Figure 4 . From the changes in the first arrivals, we estimate an average increase in P wave velocity from 0 to 15 weeks of 5%, 5%, and 10% for samples B1, B2, and B3, respectively. An additional increase in velocity from 15 to 30 weeks is 8%, 4%, and 12%, respectively.
[17] The P wave is followed by a sequence of waves, often referred to as coda waves. These include contributions from (body) waves scattered by internal heterogeneity but are often dominated by (scattered) evanescent waves propagating along the surface of the sample. These surface waves are most sensitive to the shear wave properties of the medium [Aki and Richards, 2002] . To quantify changes in the coda, wave fields are first band-pass filtered (80-90 kHz) and then cross-correlated in time windows of the entire recording. As the travel time increases, these waves sample the rock increasingly well and prove sensitive to small changes in the elastic properties. This technique called coda wave interferometry has been successfully applied to monitor changes in volcanoes [e.g., Grêt et al., 2005] . Common phases of filtered wave forms in Figure 5 show that seismic speed increases after rock-fluid interactions. On average, the shear wave speed increases by 0.9%, 1.4%, and 1.6% (for the 0-15 week period), and 2.2%, 1.7%, and 1.7% (for the 15-30 week period) for basalts B1, B2, and B3, respectively. The absolute values of ultrasonic wave velocities in these basalt samples (dry and fluid-saturated) are described in Adam and Otheim [2013] .
Evidence of Carbonate Formation
[18] To correlate changes in the ultrasonic data with changes in the rock frame, we repeat our petrographical analyses and introduce water chemistry results. Thin sections of the samples after the rock-fluid interactions also display changes (Figures 1d-1h) . The mineral precipitation in the vesicles and cracks of our basalt samples (shown enlarged in the right panels of Figure 1 ) are most likely carbonates because of (1) the rounded (botryoidal) habit of the minerals lining the vesicle, (2) the high relief observed in the plain polarized light-with distinct variations in relief as the stage is rotated, and (3) the extreme interference colors observed in the cross-polarized light. The thin sections also indicate that the dissolved cations initially come from the groundmass, because olivine, pyroxene, and plagioclase show little signs of alteration.
[19] The thin sections are partly stained with Alizarin Red (pink-for calcite) and K-ferricyanide (blue for Mg, Fe minerals) to assist in mineral identification. Figure 1h shows a high-resolution thin section with a botryoidal precipitate that mostly absorbed K-ferricyanide, suggesting this is an iron/magnesium carbonate. The availability of such metal cations is supported by water chemistry and pH levels introduced next.
[20] Figure 6 depicts the pH of the water-CO 2 mixture in the pressure vessel from 0 to 13 weeks, where pressure is 8.3 MPa and temperature is 100 ı C. Initially, the pH is that of a water-CO 2 mixture at high pressure and temperature ( 3.2 [Meyssami et al., 1992] ). Basalt dissolution leaches cations into the aqueous solution [McGrail et al., 2006; Schaef and McGrail, 2009] . As carbonates start precipitating by consuming cations in the solution, the pH of the solution increases. This is supported by elemental concentration in the reactor water. The high-pressure pH probe stopped working after 13 weeks, and thus the solution pH for the 13-30 week interval was not recorded.
[21] We study the elemental concentration in (1) water with crushed basalt at room conditions (baseline) and (2) water extracted from the reactor vessel after the 30 weeks of rock-fluid interactions. The element concentration of the baseline water is shown in the top panel of Figure 7 . During the first 2 weeks there is a significant increase in cations as basalt and water equilibrate. The equilibrated baseline water-resembling formation water-is the input water for the rock-fluid interactions. The bottom panel of Figure 7 is a comparison of the metal cations after 15 and 30 weeks in the baseline water to the water extracted from the reactor at the same times. Compared to the baseline water, the element concentration in the reactor water increases 2 orders of magnitude on dissolved 25 Mg, 57 Fe, and 55 Mn, with lower concentration of 44 Ca and 29 Si. Based on the availability of magnesium and iron in the vessel water and the observations on thin sections, we interpret that some of the carbonate precipitate is of Fe-Mg composition. [22] The permeability and porosity of these basalt samples decrease after 30 weeks of rock-fluid interactions (Table 1) . Permeability decreases by 0.5 to 1 order of magnitude for basalts B1 and B3, respectively, while sample B2 was unable to support any fluid flow after reactions. Fractures control the rock permeability, and for basalts these mostly result from the cooling process. This suggests that fractures in these samples are obstructed by the newly formed carbonate minerals. Figures 1d and 1g show such cracks with carbonate growth at four locations along the fractures. Mineralization blocking a larger pore is shown in Figures 1e and 1h . [23] Thin section point counts indicate that the volume of precipitated carbonates is between 1% and 1.5% of the total mineral volume in the samples. The porosity of the rock estimated from CT-scan data varies by 1-2% before and after reactions. Both of these estimates overall agree with a 1-2.5% increase in mineral volume estimated from the helium pycnometry measurements before and after reaction (Table 1) . XRD measurements on the samples after reactions do not indicate a presence of carbonates, because the mineral volume of formed carbonates (1-1.5%) is below the XRD resolution threshold.
[24] CT-scan images after carbonate precipitation show that carbonates have not filled large volumes of pores (Figure 2 ). Only localized areas of these whole-rock images, highlighted by arrows, contain secondary (carbonate) precipitation. This agrees with the changes in porosity estimated from pycnometry, suggesting that less than 2% volume of secondary minerals have precipitated. CT-scan images in Figures 2g and 2h sample the basalts after carbonate precipitation at a higher resolution. In these, carbonates are identified in pores and cracks and have botryoidal texture as observed in the thin sections.
[25] The XRF analyses before and after mineralization are summarized in Table 3 , but the samples sent for analysis ( 1 cm 3 ) may have been too small to be representative of the rocks as a whole. As a result, the observed changes could come from a higher ratio of groundmass in the reacted sample, which result in greater values for Fe and Ti, while unreacted samples may have contained more plagioclase, olivine, and pyroxene crystals, which would result in greater values for Ca, Al, and Mg. However, the loss on ignition (LOI) test in the Table 4 experiment can be indicative of carbonates. All three samples after 30 weeks have a loss of mass when heated to 950 ı C, meaning that some portion of the sample was volatile. Heiri et al. [2001] show that in the presence of carbonates, when a rock sample is significantly heated, carbonates become volatile. LOI performed on the baseline samples actually led to a mass gain due to an oxidation reaction. 
Discussion
[26] Ultrasonic waves proved sensitive to changes in basalts due to 30 weeks of exposure to CO 2 and water. Carbonate precipitation in pores and cracks resulted in wave speeds increasing by 4% to 20%, even though petrographical analyses indicated that the total volumetric contribution of these carbonates reached only 1-2%. However, permeability decreased by 0.5 to 1 order of magnitude after basalt-CO 2 reactions. Grombacher et al. [2012] measure carbonate rocks exposed to CO 2 and observe a similar correlation between large changes in velocity and permeability but much smaller changes in porosity.
[27] The compliance of rock fractures and pores are important in the characteristics of elastic wave propagation. As carbonates precipitated in these cracks and pores, the rock stiffened and its wave speed increased. The observed reduction in permeability due to fracture blockage is in agreement with observations of a significant increase in wave speed before and after carbonic acid-basalt reactions. This holds especially true for basalt B3, for which the largest changes in velocity, permeability, and porosity and in CT-scan images were observed.
[28] The reaction experiment was stopped at 30 weeks. How long the dissolution of basalt and carbonate precipitation could have continued depends on the availability of CO 2 and the rock-fluid reactivity kinetics, among other parameters. Recently, Schaef et al. [2013] have shown data on basalt reactivity with CO 2 and H 2 S lasting 3.5 years.
[29] Although this data set was limited in size, correlation between rock mineralogy and carbonate precipitation has not been observed. Samples B1 and B3 were almost identical in mineral composition and chemistry; nonetheless, sample B3 showed the larger changes in wave velocity and permeability, probably controlled by the pore microstructure. While sample B2 was mineralogically different from B1 (B2 had no glass) the changes in velocity were similar among these samples. Altogether, the volume of carbonate precipitate was less than 2%, but the changes in velocity were significant and could potentially be observed in the field with borehole seismic methods [Khatiwada et al., 2012] .
[30] This study showed that the elastic properties of the rock frame change when CO 2 is injected into the reservoir. Lumley [2010] discusses how changes in time-lapse seismic surface data in CO 2 injection scenarios in sedimentary basins cannot always be described by current elastic rock-physics models. This is because rock-fluid reactions change the rock frame, while most rock-physics models only account for fluid substitution or the closure of cracks with pressure [e.g., Gassmann, 1951; Kuster and Toksöz, 1974] .
[31] Recently, changes to the permeability and elasticity of the rock frame due to CO 2 -water-rock reactions have been measured in sedimentary rocks in the laboratory. Rock frame weakening has been observed due to carbonate mineral dissolution in limestones [Grombacher et al., 2012; Vialle and Vanorio, 2011; Mohamed et al., 2012] and sandstone [Joy et al., 2011] and due to chlorite and siderite dissolution in shale [Armitage et al., 2013] . Brine alone has been also shown to weaken the rock frame of carbonate rocks [Adam et al., 2006] . However, secondary mineral precipitation has also been observed by Vanorio et al. [2011] , where CO 2 can induce salt precipitation in brine-saturated sandstones.
These studies of rock-fluid interactions, and the work presented here, demonstrate that the assumption of a constant elastic rock frame, common in most elastic rock-physics theories, might not hold true for fluid substitution with CO 2 . Ignoring the effect of rock-CO 2 reactivity might bias the interpretation of time-lapse changes in seismic data.
[32] Close to the CO 2 injection site the fluid mixture will flow, but as the CO 2 plume diffuses, it might reach geologic constraints (traps) that would limit its mobility. In our experiments there is no fluid movement in the system, resembling a geologic trap in the subsurface. In this scenario, carbonate precipitation strengthens the basalt frame and blocks permeability paths. However, to represent subsurface fluids flow, future studies are needed to understand the balance between carbonate precipitation and the potential dissolution (due to carbonic acid) of these newly formed carbonates.
Conclusions
[33] Experiments of CO 2 -water-basalt reactions show that the rock frame in basalt samples stiffens as a result of carbonate precipitation in rock fractures and pores. After 30 weeks of reactions the volume of newly formed carbonate minerals is 1-2% of the total mineral volume. Nonetheless, P and S wave velocity increase by 9-22% and 3%, respectively. Combined with a rock permeability decrease of 0.5 to 1 order of magnitude, this suggests that precipitation dominantly occurs in fractures and compliant pores.
[34] Our study of CO 2 -basalt reactivity has two important implications. First, this study presents evidence that secondary mineral precipitation introduces elastic changes that can potentially be monitored in the field with elastic waves (although we recognize that massive basalts still form challenging conditions for seismic imaging). Second, changes in seismic wave speed cannot be explained with existing fluid substitution only, as mineralization clearly affected the rock frame.
